ABSTRACT This study compared the efficacy of Pediococcus acidilactici, mannan-oligosaccharide, butyric acid, and their combination on growth performance and intestinal health in broiler chickens challenged with S. Typhimurium. Ross 308 male broilers (n = 420) were randomly assigned to one of the 6 treatments, resulting in 5 replicate pens of 14 chicks per treatment. The treatments included a negative control [(NC), no additive, not challenged]; positive control [(PC), no additive, but challenged with S. Typhimurium at d 3 posthatch], and 4 groups whereby birds were challenged with S. Typhimurium at d 3 posthatch and fed diets supplemented with either probiotic [0.1 g/kg Pediococcus acidilactici (PA)], prebiotic [2 g/kg mannan-oligosaccharides (MOS)], organic acid [0.5 g/kg butyric acid (BA)], or a combination of the 3 additives (MA). The S. Typhimurium challenge decreased feed intake, body weight gain and increased feed conversion ratio and reduced jejunum villus height (VH) and VH to crypt depth (CD) ratio (P < 0.05). Birds on the MA treatment exhibited similar performance to birds on the NC treatment (P > 0.05) and had a lower population of Salmonella in the ceca compared with birds on the PC treatment, at d 14 and 21 post-challenge (P < 0.05). The lowest heterophil to lymphocyte ratio was observed in birds on the MA and NC treatments (P < 0.05). Birds fed diets supplemented with MA or PA had greater VH and VH: CD ratio than birds on the PC treatment at d 7, 14 and 21 d post-challenge (P < 0.05). Suppressed amylase and protease activity was observed as a result of the S. Typhimurium challenge; the enzyme levels were restored in birds fed the additive-supplemented diets, when compared to the birds on the PC treatment, particularly at d 21 post-challenge (P < 0.05). These results indicate that dietary supplementation with a combination of PA, BA, and MOS in broiler chickens could be used as an effective tool for controlling S. Typhimurium and promoting growth performance.
INTRODUCTION
Salmonella enterica var. Typhimurium (S. Typhimurium) is one of the most prevalent serotypes of Salmonella, a key causative agent of salmonellosis, which is a disease that enters the human food chain through animal products, particularly raw poultry products (Chalghoumi et al., 2009; Thung et al., 2016) . In-feed antibiotics have long been used at sub-therapeutic doses in poultry feed to control gut pathogenic bacteria load and hence to enhance feed efficiency, promote animal growth, and improve the quality of the animal products (Cheng et al., 2014) . However, the increased risk of bacteria acquiring resistance to antibiotics and their residue in end-products such as meat and eggs led to a ban on the use of in-feed antibiotics as growth promotors (AGP) more than a decade ago in many countries in the European Union (Toghyani et al., 2010; Sugiharto, 2016) . As a result of this growing pressure on livestock producers worldwide, various alternative strategies have been proposed and investigated as potential substitutes for AGPs in animal feeds.
Particular attention has been paid to the use of probiotics (Menconi et al., 2011; Park and Kim, 2014) , prebiotics (Pourabedin et al., 2016; Rajani et al., 2016) , and organic acids (Fernandez-Rubio et al., 2009; Saleem et al., 2016) , as AGPs alternatives in poultry feed. There is evidence to suggest that these aforementioned products exert beneficial effects on performance 2034 parameters, microbiota composition, and intestinal integrity, and potentially reduce the levels of pathogenic bacteria such as Salmonella in the tract. However, these positive effects have not always been consistent (Van der Aar et al., 2017) .
The main proposed modes of action of probiotics include 1) antagonistic action towards pathogenic bacteria, by secreting products that inhibit their development, such as bacteriocins, organic acids, and hydrogen peroxide, and 2) competitive exclusion, by competing with bacteria for locations in the intestinal mucous membrane to adhere to and nutrients (Patterson and Burkholder, 2003) . Prebiotics serve as a substrate for endogenous beneficial bacteria, thus promoting competitive exclusion of pathogenic microbes and selective colonization by beneficial microbes (Biggs et al., 2007) . Oligosaccharides display prebiotics properties, but they have also been reported to present immunomodulatory beneficial effects in the gut such as modifying clearance efficiency of pathogenic bacteria, activating T celldependent immune responses and repression of proinflammatory cytokines (Troy and Kasper, 2010; Bonos et al., 2011) . Organic acids, such as lactic, acetic, butyric, tannic, fumaric and propionic acids, display antimicrobial properties and play a crucial role in controlling the population of pathogenic bacteria (Menconi et al., 2014) , likely by lowering gastrointestinal tract pH (Partanen and Mroz, 1999) and stimulating protein digestion by converting pepsinogen to pepsin (Suiryanrayna and Ramana, 2015) .
The differing mechanisms and modes of action exhibited by probiotics, prebiotics, and organic acids suggest that there could be a complementary synergistic effect resulting from supplementing diets with a mixture of these additives, especially under the stressful conditions imposed by a S. Typhimurium challenge (Rajani et al., 2016) . In view of an evident dearth of data in this field, the current study was designed to determine the efficacy of Pediococcus acidilactici (a species of gram-positive cocci that produces lactic acid and secrets a bacteriocins known as pediocins) as a probiotic supplement, mannan oligosaccharides as a prebiotic supplement, and micro-encapsulated butyric acid, singularly or in combination, on growth performance and gut health of young broiler chicks challenged with S. Typhimurium.
MATRIALS AND METHODS

Experimental Design, Dietary Treatments, and Bird Husbandry
The experimental procedures in this study were reviewed and approved by the Animal Ethics committee of Islamic Azad University, Isfahan Branch, based on institutional and national guidelines for the care and use of animals. A total of 420 day-old Ross 308 male broiler chicks were obtained from a commercial hatchery (Navid Morgh Guilan Company., Guilan, Iran), 5 CFU of S. Typhimurium at d 3 posthatch. Birds were allowed ad libitum access to the treatment diets and water for the duration of the trial (d 0 to 24). A basal corn-SBM diet was formulated to meet the nutrient requirements according to the Ross 308 (Aviagen, 2014) for starter (0-to 10-d) and grower (10-to 24-d) periods (Table 1 ). The temperature and lighting programs used followed the Ross 308 breed management recommendations (Aviagen, 2014) .
Bacterial Inoculum Preparation
The S. Typhimurium strain (PTCC 1709) was obtained as a freeze-dried powder from the Iranian Research Organization for Science and Technology, Tehran. The frozen bacterial culture was thawed and cultured in a trypticase soy broth for 24 at 37
• C. The number of CFU was determined by diluting the inoculum with sterile phosphate-buffered saline (PBS) and plating it on culture medium XLT4 agar for 24 h at 37
• C. At d 3 posthatch, all birds (except those in the NC treatment group) were orally administered a oneoff dose of 0.5 mL of 1 × 10 5 CFU S. Typhimurium suspension. The same dose per os of sterile PBS was orally administered to the birds in unchallenged group.
Performance Measurements
Growth performance parameters including feed intake (FI) and body weight gain (BWG) were measured during the starter (d 0 to 7 post challenge), grower (d 7 to 21 post challenge), and overall experimental period (d 0 to 21 post challenge), and used to calculate the feed conversion ratio (FCR), adjusted for mortality. Ten birds per treatment (2 birds from each replicate pen) were randomly selected for blood, digesta and tissue sample collection at d 7, 14, and 21 post-challenge.
Hematological Parameters
At d 7, 14, and 21 post-challenge, 3 mL of blood was obtained from the 2 birds per pen by puncturing the brachial vein and individually collecting the blood into non-heparinized tubes. Blood smears were prepared by the May-Grunwald-Giemsa coloring technique and heterophil to lymphocyte (H/L) ratio was calculated by counting 100 leukocytes per slide.
Enumeration of Cecal Bacteria
Following blood sample collection, the 2 birds were weighed and euthanized by CO2 asphyxiation. The contents of the ceca were collected by gently squeezing the digesta into plastic containers, and pooled per replicate. To determine S. Typhimurium counts, 1 g of the ceca digesta was diluted with 0.1% peptone water, homogenized for 1 min and serial dilutions were subsequently prepared in the same diluent. Samples at the optimum dilution level were then selected and 0.1 mL was plated in triplicate on XLT4 Agar (Difco) containing 100 mL of Nalidixic acid. The plates were then incubated for 24 h at 37
• C under anaerobic conditions. To determine Lactobacillus, Bifidobacterium, and coliform counts in the ceca samples, again 10-fold serial dilutions were conducted with peptone water and then 0.1 mL of sample from the optimum dilution level was cultured on plates containing modified Rogosa SL agar, TOS Propionate agar, and MacConkey agar, respectively. Plates were incubated in anaerobic conditions for 24 to 48 h at 37
• C. Following incubation, the number of colonies on each plate was counted and the obtained numbers were multiplied by reversed dilution, and reported as the number of CFU per 1 g sample.
Intestinal Morphology
The digesta content of the jejunum from the 2 birds was gently flushed out with ultra-pure water into a container, and then approximately 3 cm of the jejunum tissue (middle section) was transected and immersed in 10% buffered formalin. Tissues were serial dehydrated by passing the tissue through increasing concentrations of ethyl alcohol, before being embedded in paraffin wax. Histological examinations were carried out according to the method described by Xu et al. (2003) . A total of 10 well-oriented, intact villi and crypts were randomly selected in duplicate from each tissue sample and the average of 20 values were obtained for each bird. All morphological parameters were measured using the ImageJ software package (http://rsb.info.nih.gov/ij/).
Enzyme Activity
The collected jejunum digesta samples were diluted 10 times with phosphate-saline buffer, based on weight, and were then centrifuged at 18,000 × g for 20 min at 4
• C. The supernatant was stored at −80 • C prior to enzyme analysis. Samples were processed to determine amylase (EC 3.2.1.1), lipase (EC 3.1.1.3), and neutral protease activities following the methods described by Xu et al. (2003) . One unit of amylase activity was defined as the amount of amylase required to release 1 mg of glucose after 30 min incubation at 40
• C, per mg of intestinal digesta protein. Lipase activity was equal to the volume (in mL) of 0.05 M NaOH required to neutralize the fatty acids liberated during a 6-h incubation with 3 mL of lipase substrate at 38
• C, per mg of intestinal digesta protein. The protease activity unit was defined as milligrams of azocasein degraded after 2 h incubation at 37
• C, per mg of intestinal digesta protein.
Statistical Analysis
Firstly, Kolmogorov-Smirnov testing was conducted to confirm normality of the data. Data were then subjected to one-way analysis of variance (ANOVA) using General Linear Model procedure of SAS 9.3 package (SAS Institute Inc., 2010) to determine the equality of the means. Each pen was considered as an experimental unit. The values presented in the tables represent the mean for each treatment, with a pooled standard error of mean (SEM). Tukey's HSD test was used to make pairwise comparisons between means, where appropriate. Statistical significance was declared at P < 0.05. 
RESULTS
Bird's Performance and Mortality Rate
The effects of the treatments on bird performance are reported in Table 2 . The S. Typhimurium challenge decreased FI, BWG, and increased FCR in birds in the PC treatment group compared to the NC treatment group, at all time periods tested (P < 0.05). Dietary supplementation of PA, MOS, BA, and in particular their combination, improved FI, BWG, and FCR in the challenged birds, compared to birds in the PC treatment group (P < 0.05), at all measured time periods. However, only birds in the MA treatment group displayed a body weight gain (0 to 21 d post challenge) that was statistically similar to birds in the NC treatment group (P > 0.05); birds fed the diets containing just one of the dietary additives had a lower BWG and higher FCR compared to birds on the NC treatment (P < 0.05). No significant effect of challenge or dietary treatment was observed on bird mortality during the experimental period (data not shown).
Characterization of Cecal Microbiota
As illustrated in Figure 1 , birds in the PC treatment group had the lowest ceca Lactobacillus population compared to all other treatments, at d 14 postchallenge (P < 0.05). Birds in the treatment groups with dietary supplementation of PA, MOS, BA and MA had a greater population of cecal lactobacilli compared to birds in the PC or NC treatment groups at d 14 and 21 post-challenge (P < 0.05), with the highest population observed in birds on the MA treatment. The cecal population of Bifidobacterium was not affected by the challenge (P > 0.05); however, dietary supplementation with MOS and MA significantly increased Bifidobacterium count compared to both the PC and NC treatment groups at d 21 post-challenge (P < 0.05; Figure 2 ). The S. Typhimurium challenge had no impact on the population of coliforms in the ceca (P > 0.05, Figure 3) . Birds on the NC and PC treatments had the highest population of coliforms at d 7 and 21 post-challenge, whilst birds in the MA treatment group had the lowest population (P < 0.05; Figure 3) . No Salmonella spp. were detected in the ceca of the unchallenged birds. Birds fed the dietary supplements had lower prevalence of Salmonella in the ceca compared to birds in the PC group at d 14 and 21 post-challenge (P < 0.05; Figure 4) , and birds on the MA treatment had lower ceca Salmonella content compared to birds on any other treatment (P < 0.05; Figure 4 ). Table 3 summarizes the effect of dietary treatments on heterophil and lymphocyte counts and the H/L ratio, measured at d 7, 14, and 21 post-challenge. An increased heterophil count at d 7 and 21 post-challenge and greater H/L ratios at all the periods tested were observed with the presence of the S. Typhimurium challenge (P < 0.05). The challenged birds fed the diets supplemented with PA, MOS, BA, and MA had significantly reduced heterophil and increased lymphocyte counts at d 7, 14, and 21 post-challenge compared to birds in the PC treatment group (P < 0.05). There were no significant differences between birds in the NC and MA treatment groups with regards to the H/L ratio at d 14 and 21 post-challenge. Heterophil counts at d 14 and lymphocyte counts at d 21 post-challenge were not influenced by the treatments (P > 0.05). Typhimurium. Each mean represents 10 chicks. Bars with different letters (a, c) differ significantly (P < 0.05) within the same day. NC, negative control (not challenged with S. Typhimurium); PC, positive control (challenged with S. Typhimurium); PA, P. acidilactici group + challenge with S. Typhimurium; MOS, mannan-oligosaccharide group + challenge with S. Typhimurium; BA, butyric acid group + challenge with S. Typhimurium; MA, a mixture of additives + challenge with S. Typhimurium. Table 4 , S. Typhimurium challenge significantly decreased amylase and protease activity measured in the jejunum at d 7, 14, and 21 postchallenge, and lipase activity at d 7 post-challenge (P < 0.05). Amylase and protease activity in birds fed the diets supplemented with PA, MOS, BA, or MA was either higher or equal to that measured in birds on the PC treatment group at all ages studied, and was consistently higher in birds fed the supplemented diets compared to birds on the NC treatment at d 21 postchallenge (P < 0.05). Additionally, at d 7 post-challenge there was no significant difference in lipase activity observed between birds on the NC treatment and those fed the supplemented diets (P > 0.05).
Hematological Parameters, Intestinal Enzyme Activities and Morphological Analysis
As illustrated in
As demonstrated in Table 5 , the S. Typhimurium challenge decreased jejunum villus height (VH) in birds on the PC treatment at d 14 and 21 post-challenge (P < 0.05). Birds fed the supplemented diets had significantly greater VH compared to birds on the PC treatment (P < 0.05), and birds fed the diets supplemented with PA or MA presented VH that was similar to that observed in birds on the NC treatment (P > 0.05). The dietary treatments had no significant impact on crypt depth (CD; P > 0.05), but at d 7 lower VH: CD ratios were observed in birds fed the supplemented diets compared to those on the PC treatment. At d 14 and 21 there was no significant difference between birds on the NC treatment and those fed the supplemented diets (P > 0.05), except for birds fed the diets supplemented with BA.
DISCUSSION
Enteric microbiota play an important role in dictating health and consequently growth responses in broiler chickens (Van der Aar et al., 2017), but there is a concern that pathogenic bacteria in this microbiota may contaminate poultry meat during processing, resulting in foodborne diseases such as salmonellosis. Reducing Salmonella load in live animals is considered to be the most effective strategy for reducing this contamination and thus the number of human salmonellosis cases (EFSA, 2004) . The current study investigated the efficacy of probiotic, prebiotic, butyric acid and their mixture on diminishing Salmonella load, by evaluating their impact on growth performance, intestinal parameters, and cecal digesta microbiota compositions in broiler chickens orally challenged with S. Typhimurium. Mean values are based on 2 observations per replicate (5 replicates per treatment) at each time point 1 NC, negative control (not challenged with S. Typhimurium); PC, positive control (challenged with S. Typhimurium); PA, P. acidilactici group + challenge with S. Typhimurium; MOS, mannan-oligosaccharide group + challenge with S. Typhimurium; BA, butyric acid group + challenge with S. Typhimurium; MA, a mixture of additives + challenge with S. Typhimurium.
2 P-Ch, Post-Challenge Table 5 . Effects of dietary treatments on the morphology of jejunum (μm) of broilers. Mean values are based on 2 observations per replicate (5 replicates per treatment) at each time point 1 NC, negative control (not challenged with S. Typhimurium); PC, positive control (challenged with S. Typhimurium); PA, P. acidilactici group + challenge with S. Typhimurium; MOS, mannan-oligosaccharide group + challenge with S. Typhimurium; BA, butyric acid group + challenge with S. Typhimurium; MA, a mixture of additives + challenge with S. Typhimurium.
2 P-Ch, Post-Challenge.
Challenging the birds with S. Typhimurium decreased FI, BWG, and feed efficiency, which is in agreement with a number of former studies (Vandeplas et al., 2009; Marcq et al., 2011) . The reduced performance observed in the challenged birds is probably due to intestinal mucosal damage induced by the S. Typhimurium (Vandeplas et al., 2009 ). In contrast, Mountzouris et al. (2009) and Amerah et al. (2012) found that challenging birds with Salmonella had no effect on performance response; this may be due to discrepancies between the species, strains or dose of Salmonella administered leading to different extents of intestinal damage (Malago et al., 2003) , or because of differences in dietary cereal type fed to the birds (Teirlynck et al., 2009) .
In the present study, dietary supplementation with PA, BA, and MOS improved bird performance and reduced the presence of Salmonella in the ceca. Interestingly, only birds fed the mixture of additives (MA) showed complete recovery following the challenge, exhibiting similar BWG and FCR as the unchallenged birds, highlighting a synergistic rather than being overlapping effect of the additives. Similarly, previous studies have reported that dietary supplementation with prebiotic-based mannan-oligosaccharides (Lourenco et al., 2016; Rajani et al., 2016) , B. subtilis (Park and Kim, 2014) , and butyric acid (Saleem et al., 2016) resulted in improved growth performance in broilers challenged with Salmonella. The positive effect of MOS on bird's performance is likely attributed to their ability to bind to pathogens, stimulating the immune system and improving intestinal function by enhancing villus uniformity (Baurhoo et al., 2007; Lourenco et al., 2016; Pourabedin et al., 2016) . Additionally, MOS-based prebiotics serve as a substrate for endogenous beneficial bacteria, thus promoting competitive exclusion of pathogenic microbes and selective colonization of beneficial microbes (Spring et al., 2000; Biggs et al., 2007) . Fermentation of oligosaccharides also results in production of short-chain fatty acids, which display antimicrobial effects by penetrating the cell membrane of gram negative bacteria, such as Salmonella and coliforms, and altering the environmental pH, leading to death of the bacteria (Faber et al., 2012; Suiryanrayna and Ramana, 2015) . The beneficial effects of probiotic supplements on broiler performance is associated with their role in maintaining healthy balance of bacteria in the digestive tract and improving metabolism and digestion by increasing digestive enzyme activity (Sugiharto, 2016) . Organic acids potentially exhibit antimicrobial activities, by reducing gastrointestinal tract pH and stimulating protein digestion by converting pepsinogen to pepsin (Suiryanrayna and Ramana, 2015) . Thus, the observed synergistic and complementary effect of the additives used in this study is likely due to the dissimilar beneficial mechanisms exhibited by each supplement.
The cecal samples of the unchallenged birds were detected negative for the presence of Salmonella, indicating that there was no cross contamination between the challenged and unchallenged birds. The dietary supplements used in the current study increased Lactobacillus and Bifidobacterium concentration and decreased the population of coliforms and Salmonella in the ceca. In agreement with this study, PradoRebolledo et al. (2017) and Pourabedin et al. (2016) reported that supplementing LAB-based probiotics and MOS-based prebiotics to the diets of broilers challenged with Salmonella enterica decreased cecal colonization of Salmonella. Similar effects on controlling and reducing cecal Salmonella colonization have also been described as a result of dietary application of organic acids (Fernandez-Rubio et al., 2009; Saleem et al., 2016) . The metabolic activity of P. acidilactici bacteria results in production of lactic acid and secretion of bacteriocins, which create unfavorable conditions for the growth of pathogenic bacteria such as coliforms and Salmonella (Taheri et al., 2010) . This suggests that the success of the MA diet may be largely attributed to decreased acid-binding capacity and consequential reduction in digesta pH in birds fed this diet (Emami et al., 2017) , resulting in selective stimulation of beneficial bacteria, increased production of short-chain fatty acids and thus reduced colonization of pathogenic bacteria (Sugiharto, 2016) .
The reliability of the H/L ratio as a biological index of stress in avian species is well documented (Maxwell, 1993; Toghyani et al., 2011) ; heterophils display phagocytic, chemotactic, and adhesion activities and are responsible for protecting the body against pathogens (Munyaka et al., 2012) . The S. Typhimurium challenged birds had significantly increased heterophil and reduced lymphocyte numbers, causing the H/L ratio to increase from 0.38 in the NC birds to 0.58 in the PC birds at d 21 post-challenge. The ratio decreased to approximately 0.46 in the challenged birds fed the diets supplemented with PA, MOS, and BA. A complementary effect of the additives was observed for the H/L ratio, with birds on the MA treatment displaying similar ratios to those on the NC treatment at d 14 and 21 post-challenge. These findings are in agreement with previous reports highlighting that probiotics (Prado-Rebolledo et al., 2017) , prebiotics (Sadeghi et al., 2013 ) and short-chain organic acids (Rath et al., 2006) possess immunomodulatory effects. LAB-based probiotics exert immunomodulatory activities by interacting with the host immune system, leading to changes in gene expression of cytokines and thus altered intestinal microbiota composition (Menconi et al., 2011; Pourabedin et al., 2016) . Janardhana et al. (2009) demonstrated that, in addition to influencing the proliferative function and phenotypic expression of immune cells, prebiotics can also influence systemic antibody levels such as IgA, IgM, and IgG in broiler chickens. Thus, it is probable that the systemic effect of the supplements on immune response stimulation could have alleviated the impact of the S. Typhimurium challenge on increasing the H/L ratio in the current study.
The S. Typhimurium challenge suppressed the activity of amylase, lipase and protease in this study. Some species of pathogenic bacteria, such as Escherichia coli (Zhang et al., 2016) and Clostridium (Mitsch et al., 2004) , have been shown to inhibit secretion of digestive enzyme by damaging the villus and microvillus of the intestinal mucosa. Dietary supplementation with PA, MOS, BA, and MA ameliorated the negative impact of the challenge on digestive enzyme activity, particularly in the older birds. This is in agreement with a number of previous studies that have observed improved digestive enzyme activity in birds fed probiotics (Wang and Gu, 2010; Zhang et al., 2016) , and prebiotics (Xu et al., 2003) . The positive effect of these additives on enzymes activity is likely attributed to their impact on improving integrity of intestinal lining (Mitsch et al., 2004) and modifying the microbial ecosystem; for example, lactic-acid producing bacteria stimulate the secretion of digestive enzymes and reduce gastrointestinal pH (Jin et al., 2000; Xu et al., 2003; Suiryanrayna and Ramana, 2015) .
As stated by Choct (2009) , the presence of stressors throughout the intestinal tract can quickly alter the structure of the intestine. Outcomes of the VH and CD measurements in this study, as indices of intestinal integrity and development, suggest that although intestinal development was not immediately affected by the challenge (determined at d 7 post-challenge), the S. Typhimurium challenge resulted in a noticeable reduction in VH at d 14 and 21 post-challenge, leading to a decreased VH: CD ratios. In agreement with the current findings, Rajani et al. (2016) also observed reduced VH and VH: CD ratio in the small intestine of broilers challenged with S. Typhimurium. Dietary supplementation with PA, MOS, BA, and MA improved VH and VH: CD ratio, which is reflected by the growth performance responses, in that shorter villi have a smaller surface area for nutrient absorption. Previous studies have also reported the beneficial effects of P. acidilacticis, MOS and organic acids on intestinal morphology (Baurhoo et al., 2007; Panda et al., 2009; Taheri et al., 2010) . According to the literature and as observed in current study, evidently the improved intestinal microbiota balance in favor of beneficial bacteria by using the aforementioned additives can be responsible for the rectified jejunum morphological parameters (Antongiovanni et al., 2007; Panda et al., 2009; Mallo et al., 2012) .
CONCLUSION
The results obtained in the present study indicate that S. Typhimurium challenge does not directly influence bird mortality, but it negatively affects growth performance by impairing gut morphology, digestive enzyme secretion and microbiota composition, resulting in reduced feed efficiency and bird health. The probiotic, prebiotic and butyric acid supplements fed in this study were, to some extent, efficacious at combatting the negative effects of the challenge on broiler performance and gut health. However, a complete recovery from the challenge effects was observed only when a mixture of the additives was administered, suggesting there was a synergistic effect between the additives. Therefore, it can be concluded that dietary supplementation with a combination of MOS, PA, and BA has the potential to be considered as a practical and effective strategy for controlling the incidence of Salmonella in broiler chickens in a post-antibiotic era.
